Abstract. This study attempted to explain the mechanisms regulating boar fertility by examining seasonal changes in semen characteristics, the composition of seminal plasma and responsiveness of sperm acrosomes to Ca 2+ and the Ca 2+ ionophore A23187 (Ca 2+ /A23187). Sperm-rich and sperm-poor fractions were separately collected from 3 mature fertile Large White boars once a month over a oneyear period. During the period of study, ambient temperature and relative humidity were recorded for within the stall in which the boars were kept and the semen characteristics, composition of the seminal plasma of sperm-rich fractions, and occurrence of the acrosome reaction in response to Ca 2+ (3 mM)/A23187 (0.3 µM) were examined. The highest mean maximum and minimum ambient temperatures were recorded in August-September, whereas the lowest mean maximum and minimum ambient temperatures were recorded in December and January, respectively. There was a moderate peak in relative humidity from July to October. The lowest percentages of motile spermatozoa and of spermatozoa with intact acrosomes and highest percentage of spermatozoa with abnormal morphology and strongest agglutination were seen in August-September. The total protein and albumin concentrations were lowest in August-September. Testosterone levels increased gradually as day length decreased after the summer solstice (June) and peaked in October-November. The percentage of acrosome reactions in response to Ca 2+ /A23187 was highest with the quickest response in August-September, as shown by the shortest time required for 50% of relative acrosome reactions. The farrowing rates were lowest in these same 2 months. These results suggest that seasonal infertility in Large White boars may be due, at least in part, to a combination of low motility, abnormal morphology including acrosomal abnormality, and early occurrence of the acrosome reaction in response to stimulus, possibly resulting from a decrease in acrosomal stabilizing proteins in the seminal plasma during summer. These changes may be modulated by heat/humidity stress and/or photoperiod-regulated testosterone. Key words: Acrosome reaction, Boar, Acrosomal stabilizing protein, Seasonal infertility, Spermatozoa (J. Reprod. Dev. 53: [853][854][855][856][857][858][859][860][861][862][863][864][865] 2007) he problem of seasonal infertility in the domestic pig has long been recognized; this problem is comprised of reductions of fertility and litter size after mating in summer [1] [2] [3] . One factor affecting fertility is seasonal changes in boar semen quality [4] [5] [6] induced by heat stress, high humidity, and photoperiod [7] ; heat stress affects sperm motility and acrosome integrity [8] or sperm morphology [9] , humidity influences semen
volume and sperm production [10] and also i n f l u e n c e s s p e r m m o r p h o l o g y [ 1 1 ] , a n d photoperiod induces endocrine changes [12] .
The differences in seminal plasma composition among the seasons have been examined [4, 13] , and changes in sperm plasma membrane integrity have also been demonstrated by alteration of sperm motility in response to the Na + -K + ATPase ouabain [14] . M a m ma l i a n s p er ma t o zo a m u s t u nd erg o exocytosis of the acrosome, the so-called acrosome reaction, at the site of fertilization in response to oocyte-derived stimuli [15, 16] . The acrosome reaction is therefore an essential prerequisite for fertilization, and if this should occur well before spermatozoa reach the oocyte, fertilization might not be successful. The acrosome reaction can be induced in vitro by natural agonists or by treatment with Ca 2+ and the Ca 2+ ionophore A23187 [17, 18] . The response of boar spermatozoa to calcium and A23187 (Ca 2+ /A23187) has been used to correlate boar sperm traits with fertility after artificial insemination and has demonstrated that the higher rate of acrosome reaction induced by Ca 2+ /A23187 is related to smaller litter size [19] .
The present study attempted to clarify the mechanisms regulating boar fertility by examining seasonal changes in semen characteristics, the c o m p o s i t i o n o f s e m i n a l p l a s m a a n d t h e responsiveness of boar sperm acrosome to Ca 2+ / A23187.
Materials and Methods

Boars
Three mature boars (Large White) of known fertility that were kept at the Swine Research Department, Gifu Prefectural Livestock Research Institute, Gifu, Japan, were used for examination of spermatozoa and seminal plasma. At the start of the experiment, one boar was 11 months old and the other two were 9 months old.
Measurement of ambient temperature and humidity
The stall where the boars were kept was equipped with a thermo-hygrometer attached to a data logger (Ondotori, Type TR-72U, T & D Corporation, Nagano, Japan) in order to measure ambient temperature and relative humidity. The maximum and minimum temperatures (C) and relative humidity (% RH) were recorded daily throughout the experiment period, which began April 15, 2005 and lasted until March 2006.
Collection, examination and storage of semen
The sperm-rich and sperm-poor fractions of semen were separately collected through gauze by the gloved-hand method once a month between April 2005 and March 2006. Immediately after collection, both fractions were examined for volume and sperm concentration, and sperm motility, agglutination and viability of the spermrich fractions were examined as described below.
The sperm concentration was measured by photometry (Celltac, Model MEK-5254; Nihon Kohden, Tokyo, Japan), and the semen volume was measured using a graduated cylinder. The total sperm count (× 10 8 cells) of each fraction was calculated by multiplying the volume (ml) by the sperm concentration (× 10 8 cells/ml), and that of the whole ejaculate was calculated as the sum of the t o t a l c o u n t o f b o t h f r a c t i o n s . T h e s p e r m concentration was also calculated using the total sperm count and semen volume of the whole ejaculate.
Sperm motility and agglutination were assessed under a phase contrast microscope. The percentage of motile spermatozoa was subjectively evaluated, and the gross appearance of sperm movement (motility grade) was classified subjectively into 4 categories as follows: 0 (all immotile), 1 (motile without progression), 2 (progressively motile at low speed) and 3 (progressively motile at high speed). Agglutination was categorized into 5 categories as follows (agglutination scores): 0 (no agglutinated cells), 1 (0<agglutinated cells ≤ 1/4), 2 (1/4<agglutinated cells ≤ 1/2), 3 (1/2<agglutinated cells ≤ 3/4) and 4 (3/4<agglutinated cells).
Sperm viability was examined by the eosinn i g r o s i n m e t h o d ( p e r c e n t a g e o f v i a b l e spermatozoa).
Sperm morphology was also examined on the sample stained by the eosin-nigrosin method under a microscope at a magnification of 1,000 × (percentage of spermatozoa with abnormal morphology).
A s p e r m -r i c h fr a c t i o n w a s d i l u t e d w i t h physiological saline followed by mixing with an equal volume of 2% glutaraldehyde and 0.165 M cacodylate buffer (0.165 M sodium cacodylate, pH 7.3) for fixation. The samples were then transferred to the laboratory and examined for acrosomal morphology as described below.
For storage of semen, the sperm-rich fraction was diluted with Beltsville TS extender [20] to yield a concentration of 1.5 × 10 8 /ml at room temperature. After dilution, the semen was protected from cold air and transported to the laboratory within 1.5 h. It was then gradually chilled and stored in a refrigerator at 17 C until use (within 72 h).
Measurement of electrolyte, total protein and albumin concentrations in seminal plasma
Seminal plasma was obtained from the spermrich fraction of each boar by centrifugation at 1,662 × g for 30 min at 4 C. The supernatant was transported to the laboratory at about 4 C and then centrifuged again at 8,056 × g at the same temperature for 30 min. The supernatant was then aliquoted and stored frozen at -30 C until assayed. Concentrations of sodium, potassium, chloride, calcium, magnesium, total protein and albumin were measured using automated equipments (DRI-CHEM 800V for sodium, potassium and chloride; DRI-CHEM 3500V for calcium, magnesium, total protein and albumin; Fuji Film, Tokyo, Japan) according to the manufacturer's instructions.
Measurement of testosterone levels in seminal plasma by the time-resolved fluoroimmunoassay (TR-FIA) method
Seminal plasma samples as prepared above were directly assayed for testosterone in duplicate by the TR-FIA method using a commercial kit (DELFIA Testosterone Reagents R050-201; Wallac, Turku, Finland) according to the manufacturer's protocol. Cross-reactivity, as measured by the manufacturer, was 27.2% for 5α-dihydrotestosterone, 0.96% for 5α-androstan-3β,17β-diol, 0.51% for 5α-androstan-3α,17β-diol, 0.29% for androstanedione, 0.20% for a n d r o s t e n e d i o l , 0 . 0 1 1 % f o r d e h y d r o i s oandrosterone, <0.009% for cortisol, <0.009% for estradiol-17β, 0.008% for androsterone and <0.003% for dehydroisoandrosterone sulphate.
To test the accuracy of the assay, the intra-and interassay coefficients of variation (CV) were examined by measuring the levels of testosterone in seminal plasma using 5 replicates for each. A dilution test was carried out by assaying a seminal plasma sample after serial dilutions (2×, 4×, 8× and 16×) with another seminal plasma sample of a known very low concentration or with PBS containing 1% BSA (1% BSA/PBS). Theoretical v a l u e s w e r e c a l c u l a t e d u s i n g t h e k n o w n concentrations, and then correlation between the theoretical and measured values and linear regression were calculated.
Media
The saline medium used for washing and incubation of spermatozoa consisted of 142 mM NaCl, 2.5 mM KOH, 10 mM glucose and 20 mM Hepes adjusted to pH 7.55 at 20 C with NaOH [18, 21] . Saline medium containing 222 mM sucrose in place of NaCl was used for washing spermatozoa [18, 21] . Both media also contained 0.1% (w/v) polyvinyl alcohol (average molecular weight of 9,000-10,000; Aldrich Chemical, Milwaukee, WI, USA) and 0. 
Induction of acrosome reaction by calcium ionophore A23187
A portion of the stored semen (2.5 ml) was placed in a test tube and left standing for 5 min to allow sedimentation of large cell clumps. A supernatant containing spermatozoa was overlaid onto a sucrose medium and centrifuged at 126 g for 5 min followed by 263 g for 7 min at room temperature.
The supernatant was aspirated, and 200 µl of the loose pellets was mixed with 2 ml of saline medium. Spermatozoa were then centrifuged at 263 g for 5 min, resuspended in saline medium containing 3 mM CaCl2 and incubated in the presence or absence (DMSO vehicle control) of A23187 (0.3 µM) at 37 C. The sperm concentration during incubation was adjusted to 2.4 × 10 7 cells/ ml, except for the 3 boars in April, when it ranged from 1.6 to 3.2 × 10 7 cells/ml. At various intervals (0, 5, 10, 15 and 30 min), subsamples were taken and fixed by mixing with an equal volume of 2% glutaraldehyde/0.165 M cacodylate buffer (0.165 M sodium cacodylate, pH 7.3). Spermatozoa were then examined under a phase contrast microscope (400× ), and the acrosome reaction was monitored as described previously [22] . Spermatozoa showing a head with a dense apical ridge were considered to be acrosome-intact, and all others were considered to have undergone the acrosome reaction. The results w e r e e x p r e s s e d a s a n a c r o s o m e r e a c t i o n percentage. The raw data expressed as an acrosome reaction percentage was transformed to a relative acrosome reaction percentage with the following formula in order to enable comparison of the proportions of sperm atozoa that were acrosome-intact at the beginning of stimulation but subsequently underwent an acrosome reaction in response to Ca 2+ /A23187:
(acrosome reaction percentage at each time point of stimulation-the percentage at 0 min) ÷ (100% -the percentage at 0 min) [23] .
Fertility data
Sperm-rich fractions from Large White boars kept at the Gifu Prefectural Livestock Research Institute (aged 10 months to 5 years), including the 3 boars used for the above experiments, were diluted with a commercial extender and used to inseminate sows artificially. The farrowing rate (%) was obtained from the number of sows farrowing versus the number that were inseminated and was presented according to the month of insemination.
Statistical analyses
The results are presented as the mean ± standard error of the mean (SEM) of six 2-month periods (designated as Apr-May, Jun-Jul, Aug-Sep, OctNov, Dec-Jan and Feb-Mar, respectively). As exceptions, we showed the daily maximum and minimum ambient temperatures and relative hum idities as an aver age for each month . Percentages were transformed to arcsin , and the levels of testosterone (ng/ml) were converted to log 1 0 x before differences were analysed by one-way ANOVA (standard semen characteristics and compositions of seminal plasma). Time-course changes in acrosome reaction and relative acrosome reaction percentages were compared by two-way ANOVA (time after stimulation × months). Differences in the best-fit nonlinear curves of the time-course changes in the relative acrosome reaction percentages were analyzed for each 2-month period by comparing the time required for 50% of the relative arcosome reaction to take place (designated as the 50% effective time). Differences in the farrowing rate between 2 groups of months were analyzed by Fisher's exact test. Values of P<0.05 were considered to be statistically significant. When a s i g n i f i c a n t e f f e c t w a s f o u n d b y A N O V A , differences between 2 groups were analysed by Tukey's multiple comparison test (after one-way ANOVA) and the Bonferroni post-test (after twoway ANOVA). All analyses were carried out using a statistical software program (GraphPad Prism Version 4.0; GraphPad Software, San Diego, CA, USA).
Results
Ambient temperature and humidity
T h e m o n t h l y m ea n d a i l y m a x i m u m a n d minimum ambient temperatures were highest in August (32.7 C and 24.1 C, respectively) and lowest in December ( 9.0 C) and J a nua ry (2 .6 C) , respectively (Fig. 1A ). There was a moderate peak in the monthly me an daily maximum and minimum relative humidities from July to October (53.6-54.5% minimum, 92.4-93.9% maximum) and a temporary rise in December (61.5% minimum, 91.2% maximum; 
Semen characteristics
The semen volumes of the sperm-rich fractions were not statistically different during the year (oneway ANOVA, P>0.05) but those of the sperm-poor fractions and whole ejaculates (total semen volumes) differed significantly among the months (one-way ANOVA, P<0.0001, respectively; Fig. 2A ). The volumes of the sperm-poor fractions and the whole ejaculates were greater around autumn (Aug-Sep and Oct-Nov). The sperm concentrations of the sperm-rich and sperm-poor fractions and whole ejaculates did not change significantly during the year (one-way ANOVA, P>0.05, respectively; Fig. 2B ). The total sperm counts of whole ejaculates were not statistically different during the year (one-way ANOVA, P>0.05; Fig. 2C ).
The percentage of motile spermatozoa changed significantly during the year (one-way ANOVA, P<0.005; Fig. 2D ) and was lowest in Aug-Sep, with values significantly different from those in AprMay (P<0.05), Dec-Jan (P<0.01) and Feb-Mar ( P < 0 . 0 5 ) ( T u k e y ' s t e s t ) ; t h e v a l u e s w e r e intermediate in Jun-Jul and Oct-Nov. However, there were no major differences in motility grade during the year (one-way ANOVA, P>0.05; Fig.  2D ), and there were no significant changes in the percentage of viable spermatozoa (one-way ANOVA, P>0.05; Fig. 2E ). There were significant changes in the agglutination scores during the year (one-way ANOVA, P<0.05) with a peak in Aug-Sep that was markedly higher than the agglutination scores in Dec-Jan (Tukey's test, P<0.05; Fig. 2F ).
The percentage of spermatozoa with intact acrosomes showed notable annual changes (oneway ANOVA, P<0.05). The lowest value was observed in Aug-Sep and was significantly lower than that of Apr-May, Jun-Jul and Dec-Jan (P<0.05, Fig. 2G ).
There were also clear changes in the percentages of spermatozoa with abnormal morphology, and the highest values were observed in Aug-Sep (86.9 ± 2.5%). Notable abnormalities included bent tails and cytoplasmic droplets; the former peaked in Aug-Sep (24.0 ± 8.1%) and the latter peaked in OctNov (54.4 ± 3.7%).
The lowest percentage of motile spermatozoa, highest agglutination score, lowest percentage of spermatozoa with intact acrosomes and highest percentage of spermatozoa with abnormal morphology were all observed in the same two months, Aug-Sep (Figs. 2D, 2F, 2G and 2H), which coincided with the highest ambient temperatures and relatively high humidity (Fig. 1) .
TR-FIA of seminal plasma
The intra-and interassay CVs were 7.5% (n=5) and 9.0% (n=5), respectively. A dilution test revealed highly significant linear regression between the theoretical and measured values (y= 1.04x-0.476, R 2 =0.9912 for dilution with seminal plasma and y=1.065x-0.577, R 2 =0.992 for dilution with 1% BSA/PBS).
Composition of seminal plasma
Although the concentrations of sodium and chloride tended to be higher while that of potassium tended to be lower in summer, the differences among the months were not statistically significant (one-way ANOVA, P>0.05; Fig. 3A) .
The concentrations of calcium were surprisingly stable during the year (P>0.05, one-way ANOVA; Fig. 3B ), while those of magnesium tended to be lower in summer, although the changes during the year were also insignificant (P>0.05, one-way ANOVA; Fig. 3B) .
R e m a r k a b l e c h a n g e s w e r e s e e n i n t h e concentrations of total protein and albumin (P<0.05, one-way ANOVA), with the lowest values observed in Aug-Sep being significantly lower than those in Apr-May (P<0.05, Tukey's test). The concentrations of both were intermediate in the other months (Fig. 3C) . The testosterone levels of the seminal plasma changed significantly during the year (P<0.05; oneway ANOVA). They began to increase around the summer solstice in June, rose gradually towards the winter solstice in December (the shortest day of the year) with a peak in Oct-Nov, and then abruptly fell in Dec-Jan. The peak level was significantly higher than that in Feb-Mar (P<0.05; Tukey's test), and the levels of the other months were intermediate (Fig.  3D) .
Induction of acrosome reaction by Ca
2+ /A23187
Stimulation of spermatozoa with Ca 2+ (3 mM) and A23187 (0.3 µM) resulted in time-dependent induction of the acrosome reaction (Fig. 4A) . Twoway ANOVA revealed interaction between time after stimulation and month of the year (P<0.05). When the acrosome reaction percentages at each time point of stimulation were compared among the months, the values in Aug-Sep were highest at 0, 5 and 10 min of stimulation, respectively (Fig.  4A) . A Bonferroni post-test revealed that the acrosome reaction percentages observed at 0 and 5 min in Aug-Sep were significantly higher than those in Apr-May (P<0.001 at 0 min and P<0.01 at 5 min), Jun-Jul (P<0.01, respectively), Dec-Jan (P<0.01, respectively) and Feb-Mar (P<0.05, respectively). The acrosome reaction percentage observed at 10 min in Aug-Sep was significantly higher than those in Apr-May (P<0.01) and Dec-Jan (P<0.01). A second peak in the acrosome reaction percentage was observed at 10 min in Feb-Mar. Because the acrosome reaction percentage at 0 min of stimulation varied significantly among the different months (i.e., background values differed monthly), the responsiveness of spermatozoa to Ca 2+ /A23187 was compared using the relative acrosome reaction percentage; the time course changes are presented in Fig. 4B . The response to Ca 2+ /A23187 appeared to be quicker around Aug- Sep than in other months, although there was a second peak in Feb-Mar that was apparent at 10 min of stimulation. The interaction between time after stimulation and month of the year was significant (P<0.05; two-way ANOVA). When the 50% effective times (indicative of the speed of responsiveness to Ca 2+ /A23187) were compared (Table 1) , the value gradually declined toward Aug-Sep, rose around Dec-Jan, and then declined again in Feb-Mar.
Peak acrosome reaction percentages at 0, 5 and 10 min of stimulation (Fig. 4A ) and the shortest 50% effective time (Fig. 4B) were observed in Aug-Sep. These coincided with the highest ambient temperature and relatively high humidity (Fig. 1) , the lowest percentage of motile spermatozoa (Fig.  2D) , the highest agglutination score (Fig. 2F) , the lowest percentage of spermatozoa with intact acrosomes (Fig. 2G) , the highest percentage of spermatozoa with abnormal morphology (Fig. 2H ) and the lowest concentration of total protein and albumin in seminal plasma (Fig. 3C) .
Fertility data
There were clear seasonal changes in the farrowing rates after artificial insemination, and the lowest rates were observed in Aug-Sep (34.9%, Table 2 ). The rates in Apr-May (91.3%) and FebMar (85.7%) were significantly higher than those in the other months (34.9-60.5%; P<0.05).
Discussion
Semen characteristics
Previous reports of the changes in total semen volume have shown an increase in autumn [4, 5] . The present results were consistent with those reports and also showed that the seasonal changes in the volume of whole ejaculates depended solely upon the volume of the sperm-poor fraction.
The sperm concentrations of whole ejaculates tended to become relatively low during summer (Aug-Sep), which corresponded to a previous report [5] , although the changes did not reach [5] .
The total sperm counts of whole ejaculates did not change significantly during the year, with only a slight increase in Oct-Nov. In contrast, previous studies have reported that the total number of spermatozoa/ejaculates in Landrace boars was higher in winter [4] or higher in autumn and winter [24] and that the increase began in September/ October [5] .
Clear seasonal dependence, with a remarkable reduction during summer (Aug/Sep), was evident for the percentage of motile spermatozoa but not for sperm motion (motility grade). In a previous study, no significant changes were observed in the percentage of motile spermatozoa from Landrace boars, although the motility type changed seasonally [4] . A marked decrease in the percentage of progressive motile spermatozoa in autumn (October) has been observed in Fengjing a n d M e i s h a n b o a r s [ 2 5 ] , a n d d i m i n i s h e d progressive motility has been observed in the second half (June to December) of the year [5] . Thus, in general, sperm motility may involve seasonality in domesticated boars.
Although a previous large-scale investigation using data collected over the course of 8 years from several breeds and crossbreeds showed clear cyclicity with an increase in autumn and winter and a decease in spring and summer [24] , no obvious variation was observed in the percentage of viable spermatozoa in the present study. This discrepancy might be due to the difference in the number of boars investigated.
The fact that the number of agglutinated spermatozoa increased in summer and decreased in winter is in agreement with a previous report s h o w i n g s i g n i f i c a n t l y m o r e a g g l u t i n a t e d spermatozoa during summer compared with winter in Pietrain, German Landrace and Belgian Landrace boars [6] . However, no association between sperm agglutination and fertility observed in this previous report.
Acrosomal integrity was clearly reduced in summer in this study (Large White boars), while the percentage of spermatozoa with normal acrosomes has been shown to be lowest in winter in Duroc, Meishan, Fengjing and Minzu boars [25] . The results of the present study also showed that the percentage of spermatozoa with bent tails and cytoplasmic droplets increased during summer (A u g -S e p ) a n d a u t u m n ( O c t-N o v ) , b u t n o significant effect of season was observed in the percentage of spermatozoa with normal heads, normal tails or proximal cytoplasmic droplets in Chinese breeds and Duroc boars [25] . A previous study of Landrace boars demonstrated that the m a x i m u m a n d m i n i m u m p e r c e n t a g e s o f spermatozoa with abnormal morphology were observed in autumn (September) and late winter (March), that the percentage of spermatozoa with bent tails increased in late winter, and that with the percentage of spermatozoa with cytoplasmic droplets was high in autumn [4] . Thus there is no general tendency for seasonal changes in sperm morphology among these breeds, although the highest percentage of spermatozoa with abnormal morphology and cytoplasmic droplets, which was observed in autumn (Aug-Sep and Oct-Nov) in the present study, was similar to the findings for Landrace boars [4] .
Composition of seminal plasma
Because castration (loss of testosterone) causes a decrease in semen volume and the concentrations of potassium, magnesium and total protein and an increase in the concentrations of sodium and chloride in boar seminal plasma [26] , it might be expected that these values, being modulated by testosterone, would change seasonally; however, the results of the present study showed no statistically significant changes. The fact that the concentration of calcium was extremely stable was in agreement with the finding that the calcium concentration of seminal plasma is not altered by castration [26] . There were clear seasonal changes in the concentrations of total protein and albumin, with the minimum values observed in summer (AugSep) and high values observed from autumn to winter (Oct-Nov to Feb-Mar). The obtained results were in agreement with those reported by Trudeau and Sanford [14] and demonstrated that the concentrations of total protein in November were significantly higher than those in July-August.
The testosterone levels in seminal plasma began to increase around the time that day length began to decrease in Jun-Jul, during the summer solstice (late June), and peaked from autumn (Oct-Nov) until the winter solstice (the shortest day of the year). These results support the findings that changes in day length are the major mechanism underlying the seasonal fluctuation of steroid concentrations in blood and seminal plasma [12, 13] . The fact that the testosterone levels of both blood plasma and seminal plasma are highly c o r r e l a t e d a n d t h a t t h e p r o f i l e s o f b o t h concentrations are identical [12, 13] clarified that the measured levels of testosterone in the seminal plasma mirrored those in the blood plasma in this study. A previous report determined the testosterone levels of seminal plasma from German L a n d r a c e a n d P i é t r a i n b o a r s u s i n g t h e radioimmunoassay method and demonstrated that blood plasma testosterone level changes seasonally, with the highest values observed in autumn [12] . The results obtained in the present study were in agreement with that report.
This also suggests that the TR-FIA method could probably be used to determine testosterone levels in seminal plasma. The low intra-and interassay CVs and linear regression for the dilution test confirmed that this method can measure the levels accurately.
Induction of the acrosome reaction with Ca 2+ /A23187
Observation of the peak acrosome reaction percentages at the beginning of stimulation during Aug-Sep suggests that membrane stability may be low in summer. A previous study found that the sperm plasma membrane should be stable well before fertilization and destabilization should occur near the oocyte at the site of fertilization [27] . This suggests that semen collected in summer may not be highly fertile. The significant interaction observed between time after stimulation and month suggests that responsiveness differed seasonally. As expected, the spermatozoa collected during summer responded to Ca 2+ /A23187 more quickly than spermatozoa collected during other months, as shown by the shorter 50% effective time during Aug-Sep. Holt et al. [19] demonstrated that the higher responsiveness of boar spermatozoa to A23187 is associated with lower litter size after artificial insemination, suggesting that a premature acrosome reaction results in fewer spermatozoa available to interact with an oocyte at the site of fertilization. Therefore, the higher frequency of damaged acrosomes in spermatozoa collected in summer together with the quicker response to stimulus for induction of the acrosome reaction may be one of the main mechanisms responsible for seasonal infertility. The fact that membrane stability was low during summer, as evidenced by the decrease in sperm motility in response to ouabain [14] , supports this idea.
Relevance to boar fertility
The changes in sperm characteristics (motility, agglutination, intact acrosome and abnormal morphology) were parallel to those of the farrowing rates and reconfirmed the association of poor semen quality with summer infertility. In regard to abnormal sperm morphology, a previous study of Pietrain boars demonstrated a relationship between a high percentage of spermatozoa with cytoplasmic droplets and low fertility [28] . The decreased concentration of total protein and albumin and the higher responsiveness of sperm acrosomes to Ca 2+ /A23187 concomitant with the lowest farrowing rate in summer demonstrated that these may also be factors responsible for reduced fertility.
Candidate proteins responsible for stabilization of the sperm membrane
Since the concentrations of total protein and albumin in summer were also the lowest of the year, a reduction in membrane stability may have resulted from decreased availability of proteins in seminal plasma to spermatozoa. Since sperm-rich fractions are ordinarily used commercially for artificial insemination, this study examined the concentrations of that particular fraction.
Previous reports have revealed that several proteins are found in seminal plasma, including acid [29] and alkaline phosphatase [4, 29] , superoxide dismutase [30] , reduced and oxidized glutathione [30] , heparin-and zinc-binding proteins [31] and spermadhesins [32] . Among them, spermadhesins account for more than 80% of the total proteins in seminal plasma [32] , and a member of the protein family, PSP-I/PSP-II, protects the boar sperm membrane [33] . Moreover, removal of seminal plasma from boar spermatozoa destabilizes sperm membranes, resulting in a functional capacitated state [34] . It is also known that albumin may be an important component for sperm survival and that superoxide dismutase and glutathione protect the sperm plasma membrane from peroxidation [35] . Although the present study did not identify the proteins responsible for protection of the sperm plasma membrane, the decrease in the concentrations of these proteins may have resulted in a reduction of acrosomal integrity and a higher responsiveness to Ca 2+ / A23187.
Previous reports have shown a sharp decrease in the acrosin activity of boar spermatozoa during August [36] and lower activity of heat shock protein 70 during summer [37] ; these might also be responsible for the instability of sperm plasma membrane.
Factors affecting seasonal changes in semen characteristics
Experimentally induced heat stress causes a reduction in sperm motility and an increase in abnormal spermatozoa with damaged acrosomes [8] . Exposure of boars in a previous study to temperatures of 33.4-37.7 C and relative humidities of 40-80%, which is similar to the climate during August in the present study (Fig. 1) , resulted in a decrease in sperm motility and an increased proportion of spermatozoa with narrow heads, damaged acrosomes, abnormal midpieces and tails and cytoplasmic droplets [9] . Furthermore, humidity infuences spermatozoa with cytoplasmic droplets, and ambient temperature and humidity have a combined effect of on sperm morphology [11] . Recent studies have shown that periods of decreasing natural light do not affect sperm motility in Landrace boars [38] , whereas an earlier work demonstrated that experimentally induced heat stress reduces sperm motility remarkably in Y o r k s h i r e b o a r s [ 8 ] . T h u s , t h e d e c re a s e d percentage of motile spermatozoa and increased percentage of abnormal spermatozoa observed during the summer period in this study (damaged acrosomes, bent tails and cytoplasmic droplets) may have been due to heat stress and high humidity. It has also been shown that heat stress affects elongated and round spermatids and late spermatocytes in the spermatogenic cycle, and it has been considered that the abnormal morphology of ejaculated spermatozoa results from the effects of heat stress on spermatogenesis [9] .
Artificial control of day length revealed that the photoperiod influences the total sperm number per e j a c u l a t e , c o n c e n t r a t i o n s o f f ru ct o s e a n d testosterone in seminal plasma, libido and production of accessory sex gland secretions [12, 39, 40] . The present results showed that total semen volume, which began to increase in autumn, may be dependent on the photoperiod, and therefore on testosterone; however, motility and sperm morphology, including acrosomal integrity, may be affected by heat/humidity stress as discussed above.
Einarsson showed that blood testosterone levels fall rapidly and that the concentrations of total proteins in seminal plasma decrease after castration [26] . Because resumption of the increase in total protein concentration coincided with the peak testosterone level, it appears that testosterone may have also triggered that resumption. Therefore, the protein concentration of seminal plasma is considered to be regulated by testosterone, as suggested previously [14] . The profile of the total protein concentrations was not parallel to that of the testosterone levels of the seminal plasma during the months of Apr to Sep. However, the possibility that the decreasing protein concentration as summer (Aug-Sep) approached was associated with the increasing ambient temperature can be ruled out since heat stress did not alter the total protein concentrations of the seminal plasma [41] . There would be a threshold of testosterone levels that would exert an effect on the total protein concentration.
In any case, boar spermatozoa, which are provided with less protection by the proteins in seminal plasma, may be more susceptible to induction of an acrosome reaction in summer. Premature induction may result in failure of fertilization in vivo.
In conclusion, the causes of seasonal infertility in Large White boars may, at least in part, be a combination of low motility and abnormal sperm morphology including acrosomal abnormality along with early occurrence of the acrosome reaction in response to stimulus possibly owing to a decrease in the acrosomal stabilizing proteins of seminal plasma in summer; these changes may be modulated by heat/humidity stress and/or photoperiod-regulated testosterone.
